Epidemiological data in humans and experiments in laboratory animals have demonstrated that the developmental programming of hypertension may occur as a consequence of dietary manipulations during pregnancy. Surprisingly, there is a scarcity of data regarding the development of hypertension as a consequence of a maternal low-protein diet (MLPD), particularly in the mouse. Furthermore, the role of sex in developmental programming is not well understood. We used FVB/NJ mice, because of their value in genetic/mechanistic analysis, to test the hypothesis that a MLPD during gestation leads to the sexually dimorphic developmental programming of hypertension and related disorders, such as intra-uterine growth restriction (IUGR), type 2 diabetes mellitus and obesity. We administered iso-caloric, normal (control), moderate protein (moderate MLPD) and severe protein (severe MLPD) diets to the mice, beginning 1 week before mating and continuing until the delivery of the pups. From 4 weeks onward, using a non-invasive tail-cuff method, we measured blood pressure and other parameters in the offspring. Our results demonstrate the following: (1) MLPD caused IUGR (low birthweight) in a dose-dependent manner; (2) Female offspring developed severe hypertension, whereas males were affected only moderately; (3) The blood glucose level was elevated only in females from the moderate MLPD group, although their insulin levels remained normal; (4) Rapid catch-up growth was observed in both sexes, with moderate MLPD females and severe MLPD males becoming overweight. Notably, blood leptin levels in the control group were significantly higher in females than in male offspring and were reduced in females from the severe MLPD group. We conclude that an antenatal MLPD during gestation leads to sexually dimorphic programming in mice.
INTRODUCTION
In the western world, essential hypertension along with its associated complications of cardiac, cerebral and renal diseases are leading causes of death. Epidemiological studies in humans 1, 2 and experiments in laboratory animals [3] [4] [5] have suggested that maternal malnutrition during pregnancy may be a major causative factor in the genesis of hypertension. Thus, a factor that has received increasing attention is the idea of 'programming' during fetal life, often occurring as a consequence of maternal stress. 6 This study presents data demonstrating that a maternal low-protein diet (MLPD) during gestation leads to the sexually dimorphic developmental programming of hypertension and related disorders, such as intra-uterine growth retardation, type 2 diabetes mellitus and obesity.
METHODS

Experimental animals and tissues
All experimental protocols were in compliance with the Animal Welfare Act, the National Institutes of Health's Guide for the Care and Use of Laboratory Animals and 'The Guiding Principles in the Care and Use of Animals,' as approved by the council of the American Physiological Society. The protocols were approved by the Institutional Animal Care and Use Committee of Loma Linda University. The studies were conducted on FVB/NJ mice, a strain selected because their fertilized eggs contain prominent pronuclei that will help in future transgenic studies, and because they have a relatively larger body size compared with other mice strains. The large body size also simplified the measurement of blood pressure using the tail-cuff method at an early age, compared with other mice strains. We obtained mice (approximately 8 weeks of age) from Jackson Laboratories (Bar Harbor, ME, USA) and housed them at the Animal Research Facility, Loma Linda University, under the conditions of 14 h of light, 10 h of darkness, an ambient temperature of 20 1C and relative humidity of 30 to 60%. At 16 weeks of age, the mice were bred by keeping the males and females together for 12 h (overnight). In the morning, mating was confirmed by the presence of vaginal plugs and was considered 0.5 day post coitum. Pregnancy was confirmed by an increase in weight at the 7th day post coitum. mating (to avoid the stress of a food change). We replaced protein with carbohydrates so that the diets were iso-caloric; the fat content was kept constant at 10%. The normal diet contained 18 g protein per 100 g food, as described by guidelines published by Nutrient Requirements of Laboratory Animals, Fourth Revised Edition, 1995. 7 We measured the amount of food (grams per day) consumed by the mice on both the normal diet and the isocaloric low-protein diets (control, 9 g and 6 g). The amount of food (grams per day) consumed by the mice on the normal diet and the mice on the isocaloric low-protein diets was similar: 3.48 ± 0.54 g for females (n ¼ 16) and 4.24±0.33 g for males (n ¼ 16) in the control group, 3.37±0.41 (n ¼ 16) for females and 4.12 ± 0.34 g for males (n ¼ 16) in the moderate MLPD group, and 3.29 ± 0.61 g for females (n ¼ 16) and 4.23 ± 0.73 g for males (n ¼ 16) in the severe MLPD group.
Blood pressure measurement
In numerous studies, the tail-cuff method has been shown to measure the blood pressure non-invasively and accurately in mice and rats. 8, 9 We measured the blood pressure non-invasively each week by determining the tail blood volume, flow and pressure with a volume pressure recording sensor and an occlusion tail cuff (CODA System, Kent Scientific, Torrington, CT, USA). This system is significantly different from the plethysmographic-based, tail-cuff measurement system, which measures only systolic blood pressure. 10 This noninvasive, highly accurate system is capable of measuring both the systolic and diastolic blood pressure simultaneously with the heart rate. 11, 12 Before beginning the study, mice were trained for three 15-min sessions each day for 3 days, or until we obtained stable blood pressure recordings.
Blood glucose, serum insulin and leptin measurement
Random blood glucose levels were measured by obtaining blood from the left ventricle at the time of euthanasia. The blood glucose was measured following the Jackson Laboratory Protocol. Briefly, 1 ml of blood was applied on the test strip for Johnson and Johnson's OneTouch Ultra Blood Glucose Monitoring System (http://jaxservices.jax.org/glucosetolerance_protocol.html). Calibration of the OneTouch Ultra Blood Glucose Monitoring System was performed using control test solutions provided by the manufacturer (Lifescan, Milpitas, CA, USA). Serum insulin and leptin levels were measured utilizing commercially available Elisa Kits (Alpco Distributors, Salem, NH, USA), according to the manufacturer's instructions.
Statistics
We analyzed the data using repeated measure (RM), one-way and two-way Univariate Analysis of Variance (ANOVA) and Multivariate Analysis of Variance (MANOVA), with Bonferroni's and Tukey's post-hoc analysis as well as linear and non-linear regression, to determine the statistically significant differences between groups using GraphPad Prism software (GraphPad Software, San Diego, CA, USA) and IBM SPSS (Statistical Package for the Social Sciences) (IBM Corp., Armonk, NY, USA). The hypothesis was accepted at Po0.05. For the measurement of blood pressure, glucose, insulin and leptin in each study group, one male or female offspring, considered as n ¼ 1, was included from one mouse dam.
RESULTS
Maternal protein deprivation and offspring weights
Maternal protein restriction was associated with a significant reduction in birthweight: 1.47 ± 0.03 g (n ¼ 20), 1.29 ± 0.03 g (n ¼ 24) and 1.19±0.02 g (n ¼ 38) for the control, moderate and severe MLPD groups, respectively (Po0.05, by one-way ANOVA) (Figure 1a) . Placental weights and litter size did not differ significantly (data not shown). These results demonstrate that a protein-reduced, iso-caloric diet can cause a dose-dependent intra-uterine growth restriction (IUGR) in mice.
Furthermore, there was rapid catch-up growth in the offspring from the protein-deprived groups. Irrespective of the maternal dietary group, the RM two-way ANOVA with linear and non-linear regression demonstrated a significant increase in the offspring's weight with age. By 4 weeks after birth, the mean weight was significantly higher in the severe MLPD group compared with the control and moderate MLPD groups (Figure 1a) . A sexually dimorphic trend of catch-up growth was observed in males and females, as indicated by the significant interaction of sex Â diet by two-way RM-ANOVA. Following rapid catch-up growth, males from the severe MLPD group remained significantly overweight throughout their lives compared with the control and moderate MLPD groups (Table 1 and Figure 1c ). However, females from the control group weighed more than those from the severe MLPD group (Table 1 and Figure 1b) . Notably, females in the moderate MLPD group had a significantly greater catch-up growth than those of the control group (Table 1 and Figure 1b ). We also recorded body and organ weights when the mice were euthanized at 32 weeks of age. Table 1 shows the body weight and the organ weights as a percent of the body weight (%BW) at 32 weeks of age. Using MANOVA, only the kidney, of all the organs examined, had a significantly lower %BW in the control female mice compared with the control male mice. Moreover, there was a significant reduction in the brain %BW in both males and females of the moderate MLPD group, whereas in the severe MLPD group there was a significant reduction in brain %BW only in males. We also observed a significant decrease in the lung and kidney %BW in females from the moderate MLPD group compared with the females from the control group.
Maternal protein deprivation and blood pressure in offspring As shown in Figures 2 and 3 , female mice have significantly higher blood pressure than their male counterparts, and a significant interaction of sex Â diet was observed with an RM two-way ANOVA by 16th, 16th and 14th week of age for mean arterial, systolic and diastolic blood pressure, respectively. The sex Â diet interaction remained significant until the latest blood pressure measurement was conducted at 24 weeks of age. Moreover, maternal protein restriction was associated with increased systolic, diastolic and mean blood pressure in mouse offspring in both the moderate and the severe MLPD groups in both sexes. However, the increase was more pronounced in the female offspring (Figures 2a, b and 3) compared with the male offspring (Figures 2c-f and 3b). Using RM-ANOVA, in females from the control, moderate and severe MLPD groups, the increase in blood pressure was observed at approximately 10 weeks of age, whereas in males from both MLPD groups, the increase in blood pressure was observed at approximately 15 weeks of age. As a consequence of moderate and severe antenatal MLPD, we observed with RM-ANOVA a significant increase in the mean, systolic and diastolic arterial blood pressure beginning starting at the 16th, 16th and 14th week of age, respectively, in the female offspring compared with their male counterparts.
Maternal protein deprivation and heart rates in offspring As shown in Figure 4c , males had a significantly higher HR compared with females. In males, we determined with RM-ANOVA a significant increase in HR as a consequence of both moderate and severe antenatal MLPD administration (Figure 4b ). In contrast, no significant association was observed between different diets and sex on HR in females (Figure 4a ). Importantly, a significant interaction of sex Â diet was observed by two-way ANOVA on HR as a consequence of antenatal MLPD.
Developmental origins of hypertension R Goyal and LD Longo
Maternal protein deprivation and blood glucose, serum insulin and leptin levels As shown in Figure 5a , whereas the blood glucose levels were significantly increased in females from the moderate MLPD group compared with the control and severe MLPD groups, we observed no change in blood glucose levels in the male offspring from any group.
Additionally, serum insulin levels did not differ among any of the study groups ( Figure 5b ). As shown in Figure 5c , the serum leptin levels in the control females were significantly higher than those in the control males. Moreover, serum leptin levels remained elevated in females in the moderate MLPD group but were significantly lower in the severe MLPD group compared with the females in the control Developmental origins of hypertension R Goyal and LD Longo group. In males, serum leptin levels did not differ significantly (Figure 5c ). In addition, we also observed a negative correlation between the body weight and leptin levels in both males and females from the moderate MLPD group (data not shown).
DISCUSSION
In this study, we report the sexually dimorphic programming of hypertension and overweight in adult mice offspring as a consequence of an antenatal MLPD. As noted, a considerable body of epidemiological data in humans has demonstrated that the developmental programming of hypertension may occur as a consequence of dietary manipulations during pregnancy. 1, 13, 14 In addition, experiments in several species of laboratory animals have demonstrated the importance of maternal nutrition during gestation in the genesis of hypertension in their adult offspring, including rats, 5 guinea pigs 15 and sheep. 4 Notably, this study demonstrates differential programming in male and female offspring in response to both moderate and severe protein restriction during gestational life (Figures 2 and 3 ). In the female offspring of both the moderate and severe MLPD groups, the development of hypertension began early (approximately 10 weeks of age). In contrast, the increased blood pressure in the males in the MLPD groups was observed significantly later (approximately 15 weeks of age) and was not as pronounced as that in females. This study demonstrates that in FVB/NJ mice, the female sex is more susceptible to the developmental programming of hypertension as a consequence of antenatal MLPD. Similar findings of an increase in the arterial pressure in adulthood (sexes not differentiated), with the Mean arterial blood pressure in male mice offspring. Circle with black line, diamond with stippled line and triangle with dotted line denotes control, moderate, and severe MLPD groups. * denotes significant difference (Po0.05) between control and moderate MLPD groups for diet and sex as main factors by repeated measure (RM) two-way analysis of variance (ANOVA). # denotes significant difference (Po0.05) between control and severe groups for diet and sex as main factors by RM two-way ANOVA. (c) Shows comparison of males and females mean arterial blood pressure. Black lines denote female and gray lines denote male groups. Solid lines, stippled lines and dotted lines denotes control, moderate MLPD and severe MLPD groups, respectively. a, b and c denote significant difference (Po0.05) between male and female subjects, and * denotes a significant interaction between sex Â diet on mean arterial blood pressure as determined by RM two-way ANOVA with sex as a main factor and diet as a second factor. Figure 4 Offspring heart rate from 4 weeks until 24 weeks of age as a consequence of maternal low-protein diet (MLPD). (a) Heart rate in female offspring. (b) Heart rate in male offspring. Circle with black line, diamond with stippled line and triangle with dotted line denotes control, moderate MLPD and severe MLPD groups, respectively. a denotes significant difference (Po0.05) between control and moderate MLPD groups for diet and sex as main factor by repeated measure (RM) two-way analysis of variance (ANOVA). b denotes significant difference (Po0.05) between control and severe groups for diet as a main factor by RM two-way ANOVA (c) Male and female heart rates. * denotes significant difference between male and female subjects and sex Â diet interaction on heart rate as determined by RM two-way ANOVA with sex and diet as main factors.
Developmental origins of hypertensioneffects being greater with more severe restrictions, have been observed in other species. [16] [17] [18] Another important finding of this study was the increased blood glucose levels in females in the moderate, but not the severe, MLPD group (Figure 5a ). Moreover, in this strain of mice, we did not observe increased blood glucose in males from either the moderate or severe MLPD group. We also did not observe any maternal diet-associated differences in serum insulin levels that would suggest insulin resistance (Figure 5b) . Nonetheless, maternal protein restriction and global malnutrition have been linked to an increased incidence of Type 2 diabetes in humans [19] [20] [21] and in several species of laboratory animals. 3, 22 Several reasons may account for our observations in the present study. One may be that these changes are specific to this particular mouse strain. Another is that changes in dietary components are known to differentially program physiological changes in humans and laboratory animals. 3 Also of potential importance, the present study demonstrated significantly higher (threefold) basal leptin levels in females compared with males ( Figure 5c ). Of importance, similar to our findings, evidence in humans supports that females have significantly higher leptin levels compared with males. 23 In response to MLPD, we observed significantly decreased serum leptin levels only in the severe MLPD group. Overall, the findings indicate the differential programming of diabetes and hypertension as a consequence of a MLPD in a dose-dependent manner.
In this study, we also observed a significant reduction in birthweight, which increased with the severity of protein deprivation (Figure 1a) . Thus, despite an iso-caloric diet with adequate minerals and vitamins, these mice delivered IUGR pups. This finding supports the importance of a balanced diet in humans for the prevention of IUGR. Several studies in humans and laboratory animals indicate IUGR as a risk factor for hypertension, Type 2 diabetes and other diseases. 24, 25 Moreover, in the present study, we also observed rapid catch-up growth, which was more pronounced in the severe MLPD group. Rapid catch-up growth has been linked to hypertension in several studies 26, 27 and was also observed in the present study. In both males and females, serum leptin levels correlated inversely with increasing body weight in both control and severe MLPD groups. Additionally, the leptin levels were reduced significantly in the female offspring from the severe MLPD groups. Leptin is known to act on the hypothalamus to inhibit appetite, which suggests that the female offspring from the severe MLPD group were programmed to have an increased appetite (lower leptin). Our findings concur with a recent report on rats that also showed a decrease in leptin with food restriction. 28 Other studies in humans link a low birthweight and rapid catch-up growth to the development of obesity. 1, 29, 30 Nonetheless, low birthweight and rapid catch-up growth are well-known risk factors for hypertension and cardiovascular diseases in several human epidemiological studies 26, 31 and is consistent with the findings of the present study.
Overall, the present study demonstrates that in FVB/NJ mice, MLPD during gestation produces low birthweights, rapid catch-up growth and hypertension in the offspring. In females, moderate MLPD was also associated with increased blood glucose, whereas severe MLPD was associated with a significant decrease in plasma leptin.
Perspective
The findings of this study are consistent with the 'developmental origin of adult disease' and the 'thrifty phenotype' hypotheses. These hypotheses suggest that malnutrition of the fetus in utero may induce physiological and/or metabolic adaptations to ensure nutrient supply to the most vital organs at the expense of other organs. Such adaptations during critical periods may permanently reset or 'program' the metabolic system, which increases the fetus's chance of survival in a poor nutritional environment. Importantly, this may result in difficulty in coping with nutritional abundance in later life, with deleterious long-term consequences. This study provides evidence that as in humans, rats, guinea pigs and sheep, fetal Developmental origins of hypertensionprogramming also occurs in mice, which are a valuable tool for studying the genetic mechanisms of these responses. In our previous reports on the same mouse strain, we have shown several important changes in offspring gene expression in the renin-angiotensin system and systemic components, 32 as well as locally in the placenta, 33 lung, 34 and brain 35 as a consequence of maternal stress during pregnancy. Nonetheless, elucidating the subcellular and molecular mechanisms of such programming remains a challenge.
